Background: Adhesion G-protein coupled receptor F5 (ADGRF5) was recently identified as an essential regulator of pulmonary surfactant homeostasis in alveolar type II cells. We previously showed that in addition to abnormal surfactant accumulation, Adgrf5-deficient (Adgrf5 −/− ) mice exhibit emphysema-like signs, suggesting a possible role for ADGRF5 in immune regulation. Here, we extended the phenotypic analysis of Adgrf5 −/− mice to help understand its biological role in the lung, and especially in immune regulation. Methods: Histological features of lungs were evaluated by Alcian blue and Masson's trichrome staining. Quantitative real-time PCR (qPCR) and western blot analyses were performed to analyze the differential expression of genes/ proteins related to airway inflammation in lungs between wildtype and Adgrf5 −/− mice. Acid-base status was assessed by performing blood gas tests and urine pH measurements. Inflammatory cell counting was performed using Giemsa-stained bronchoalveolar lavage cells. Serum IgE concentrations were determined by enzyme-linked immunosorbent assay. The expression of Ccl2, S100a8, S100a9, and Saa3 in primary lung endothelial cells (ECs) was determined by qPCR and/or western blotting. Finally, the effect of administrating RS504393 to 2-week-old Adgrf5 −/− mice on gene expression in the lungs was analyzed by qPCR.
Background
Adhesion G protein-coupled receptors (GPCRs) comprise the second largest group of seven transmembrane receptors (33 members in humans), and are defined by exceptionally long N-terminal extracellular domains. These proteins are expressed in a cell typeand tissue-specific manner and are associated with diverse cellular and physiological functions such as cell adhesion and migration, immune responses, and tumorigenesis [1] . Among adhesion GPCRs, adhesion GPCR F5 (ADGRF5, also known as GPR116 or Ig-Hepta) is unique in that it contains immunoglobulin (Ig)-like repeats and an SEA module in its long extracellular domain of approximately 1000 amino acid residues [2, 3] . ADGRF5 undergoes self-cleavage, yielding a soluble N-terminal fragment and a membrane-bound C-terminal fragment, both of which are non-covalently associated with each other [3] . Although the endogenous ligand has not been identified, recent studies reported that ADGRF5 likely couples with G q/11 and can be activated by a short synthetic peptide located at the N-terminus of the C-terminal fragment (called the stachel sequence) as a tethered agonist [4] [5] [6] . ADGRF5 is expressed predominantly in the lung and to a lesser extent in many other tissues such as the heart, kidney, and adipose tissue [1, 2, 7, 8] . In the lung, ADGRF5 expression is readily detectable in alveolar type II (AT2) epithelial cells and the vascular endothelium [8] [9] [10] [11] . It has been established that ADGRF5 is critical for maintaining pulmonary surfactant homeostasis, as targeted disruption of mouse Adgrf5 results in the massive accumulation of surfactant lipids and proteins in the alveoli [8] [9] [10] [11] . It has also been shown that ADGRF5 controls the surfactant pool size by suppressing the secretion and promoting the uptake of surfactant in AT2 cells via the G q/11 signaling pathway [6] . Moreover, the accumulation of pulmonary surfactant is also induced by epithelial-cell-specific and AT2-cell-specific deletion of Adgrf5, but not endothelial-cell (EC)-specific deletion of Adgrf5 [6] , suggesting that the role of ADGRF5 in surfactant homeostasis is restricted to AT2 cells. Recently, loss of ADGRF5 has been shown to increase blood-brain-barrier permeability and promote retinal angiogenesis in a model of oxygen-induced retinopathy [11] . However, the function of ADGRF5 in lung ECs is not fully understood.
Adgrf5-deficient (Adgrf5 −/− ) mice exhibit an accumulation of foamy alveolar macrophages in the alveoli as well as emphysema-like signs including alveolar enlargement [8] [9] [10] [11] [12] . The expression of mouse Adgrf5 mRNA in the lung is upregulated at 18 days post-coitum (dpc) and peaks at 1-3 weeks of age [9, 10] . In Adgrf5 −/− mice, excessive pulmonary surfactant can be detected at 1 week of age, and the accumulation of alveolar macrophages occurs at 2-3 weeks of age [10, 11] . In addition, the fact that ADGRF5 is not expressed in alveolar macrophages [8, 10] suggests that the accumulation of alveolar macrophages is not a direct result of Adgrf5 deletion, but rather a secondary effect based on the increased surfactant pool size. We previously showed that alveolar macrophages from Adgrf5 −/− mice produce and release reactive oxygen species, matrix metalloproteases (MMPs), and proinflammatory cytokines/chemokines, which might cause alveolar tissue destruction and inflammation [12] . The major chemokines secreted from these alveolar macrophages are C-C motif chemokine ligand 2 (CCL2, also known as monocyte chemotactic protein-1 (MCP-1)), and CCL3, which likely enhance the recruitment of monocytes and macrophages to the lung. Interestingly, an increase in CCL2 levels was detected in whole lungs of Adgrf5 −/− mice at 18.5 dpc [12] , at which time the accumulation of neither pulmonary surfactant nor alveolar macrophages had occurred [9, 10] . We therefore hypothesized that ADGRF5 might also have a role in maintaining immune homeostasis in the lung.
The lung is continuously exposed to inhaled pathogens, allergens, and environmental pollutants, and rapidly eliminates these particles with the help of the immune system. Immune responses in the lung must be tightly regulated to prevent inflammation and tissue damage. Inappropriate or excessive immune responses cause the development of chronic airway inflammation, which is a fundamental feature of chronic obstructive pulmonary disease (COPD) and asthma. COPD is caused mostly by cigarette smoking and is generally characterized by irreversible airway obstruction, mucous cell metaplasia, peribronchiolar fibrosis, lung parenchyma destruction, and neutrophil infiltration. In contrast, asthma is caused by allergy and is characterized by reversible airway hyperresponsiveness, mucous cell metaplasia, subepithelial fibrosis, and eosinophil infiltration [13] . However, up to 40% of COPD patients display eosinophilia and approximately 50% of asthmatic patients have non-eosinophilic and neutrophilic asthma [14, 15] . Extensive studies have illustrated the molecular mechanisms underlying the pathogenesis of airway inflammation. The pathogenesis of asthma includes type 2 inflammation, which is mediated by T helper 2 (T H 2) cells, type 2 innate lymphoid cells (ILC2s), eosinophils, and mast cells [16] . T H 2 cells and ILC2s secrete type 2 cytokines such as interleukin (IL)-4, IL-5, and IL-13. IL-4 and IL-13 promote class switch-recombination to IgE in B cells, leading to mast cell-mediated allergic inflammation [17] . IL-5 has a role in eosinophil recruitment and activation [18] . Moreover, IL-13 is a potent inducer of mucus hyperproduction and airway remodeling [19, 20] . The production of type 2 cytokines by ILC2s are stimulated by IL-33 and IL-25, which are secreted from airway epithelial cells in response to allergens and other stimuli [16, 21, 22] . In the initial immune response of COPD, cigarette smoke and other irritants stimulate the airway epithelial cells and alveolar macrophages to secrete pro-inflammatory cytokines/chemokines such as tumor necrosis factor (TNF)-α, IL-1β, IL-6, CXCL8, and granulocyte macrophage colony-stimulating factor (GM-CSF), which recruit and activate IL-17A-secreting helper T (T H 17) cells [23] . T H 17 cells play an important role in COPD by promoting the production of neutrophil chemoattractants such as CXCL1 and CXCL8 in the bronchiolar epithelium [23] . Neutrophils release neutrophil elastase and other serine proteases, which results in tissue damage and mucus hypersecretion [24] . Despite significant advances in the identification of numerous inflammatory cells and mediators of airway inflammation, how immune response networks drive the onset and/or progression of each COPD and asthma symptom is not fully understood. Several animal models have been developed to investigate airway inflammatory responses during COPD (e.g. cigarette smoke exposure, elastase instillation, and targeted gene disruption) and allergic asthma (allergen sensitization and challenge) [25, 26] . Although no animal model can fully mirror human disease conditions due to the complexity and multiplicity of pathogenesis, different types of animal models provide valuable insights into the biological and clinical aspects of specific disease features.
In this study, to clarify the precise biological roles of ADGRF5 in the lung, we extended the phenotypic analysis of Adgrf5 −/− mice. We found that Adgrf5 −/− mice exhibit abnormal histological and physiological features in the lungs, resembling those of airway inflammation, and investigated time-course expression profiles of genes/ proteins related to this disorder. We also provide evidence that lung ECs are another source of CCL2 in neonatal Adgrf5 −/− mice.
Methods

Mice
Adgrf5
−/− mice in a C57BL/6 J background were described previously [10] . In brief, Adgrf5 −/− mice were generated by replacing the start codon-containing exon with the LacZ and neomycin resistance cassette. C57BL/6 J mice were used as wildtype (WT) mice. Mice were anesthetized by the inhalation of 2.5% isoflurane in air. The animal protocols and procedures were approved by the Institutional Animal Care and Use Committee of the Tokyo Institute of Technology.
Preparation of frozen lung sections
Mice were anesthetized by isoflurane inhalation, and the distal aorta was cut to exsanguinate the animal. The mice were perfused via the right ventricle with ice-cold phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS. The lungs were then separated into lobes and immersed in PBS containing 10% sucrose at 4°C. The sucrose density was consecutively changed to 16, 18 , and 20%. The lungs were then rinsed with PBS containing 50% Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan) and frozen in Tissue-Tek OCT compound at − 80°C. Frozen sections were cut using a cryostat (to a thickness of 7 μm) at − 20°C.
Alcian blue staining
Frozen lung sections were rinsed with 3% acetic acid and then stained with Alcian blue solution (pH 2.5, Muto Pure Chemicals, Tokyo, Japan) for 20 min at room temperature (approximately 25°C). After washing with water for 1 min, tissues were incubated with 3% acetic acid for 3 min, washed with water for 1 min, and nuclei were stained with hematoxylin (Muto Pure Chemicals) for 2 min. After washing with water for 10 min, the sections were dehydrated using a graded ethanol series (70, 80 90, 95 , and 100%), defatted with xylene twice, and mounted in Malinol (Muto Pure Chemicals).
Immunohistochemistry
Frozen lung sections were permeabilized with 0.1% triton X-100 in PBS for 10 min and then blocked with 1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) in PBS for 30 min. The sections were stained with a primary antibody at a dilution of 1:1000 for 1 h followed by incubation with an Alexa Fluor 488-conjugated anti-mouse or rabbit IgG antibody (Thermo Fisher Scientific, Waltham, MA, USA) for 1 h. The following primary antibodies were used: anti-MUC5AC (45 M1, Thermo Fisher Scientific), anti-SAM-pointed domain-containing Ets-like factor (SPDEF; LifeSpan BioSciences, Seattle, WA, USA), and anti-Forkhead box A2 (FOXA2; Abcam, Cambridge, UK). The nuclei were stained with Hoechst 33342 (5 μg/ml; Thermo Fisher Scientific) for 30 min. Signals were captured with a laser scanning confocal microscope (LSM780, Carl Zeiss, Oberkochen, Germany) and analyzed using Zen software (Carl Zeiss).
Giemsa staining of cells in bronchoalveolar lavage (BAL) fluid BAL was performed as described previously [10] . In brief, mice were exsanguinated by cutting the abdominal aorta. A 1.0-ml syringe connected to a 26-gauge blunt needle was inserted into the trachea and 0.5-0.7 ml of PBS was injected and aspirated through the needle three times. BAL fluid was centrifuged at 1000×g for 5 min and the resulting cell pellet was resuspended in fetal bovine serum. Cells were smeared on a glass slide, fixed with methanol for 5 min, and incubated with 1 ml of Wright-Giemsa's stain solution (Muto Pure Chemicals) for 2 min. The cells were then added to 1 ml of M/15 phosphate buffer solution, pH 6.4 (Muto Pure Chemicals) and incubated for 12 min. After washing with water for 1 min, samples were dried using a dryer and mounted in Malinol. The images of stained cells were captured with a TOCO digital slide scanner (Claro, Hirosaki, Japan). Cells were identified using standard morphological criteria.
Staining of eosinophils in lung sections
Staining of eosinophils was performed with an EosinophilMast Cell Stain Kit (ScyTek Laboratories, Logan, UT, USA). Frozen lung sections were incubated with Astra Blue Solution for 30 min followed by Vital New Red Solution for 30 min. After washing with water, the sections were counterstained with Mayer's hematoxylin (Lille's modification) for 15 s. Samples were washed with water at 42°C for 30 min, dehydrated, and then mounted in Malinol.
In situ hybridization
The lungs of WT mice (8-weeks-old) were inflationfixed at 26-cm H 2 O pressure with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 5 min, excised, post-fixed in the same fixative overnight at 4°C, and then paraffin sections were prepared (6 μm thick). The sections were hybridized with digoxigenin-labeled RNA probes corresponding to nucleotide positions 30-1563 of mouse Adgrf5 (Genbank accession number NM_ 001081178.1) as described previously [27] . The sections were counterstained with Kernechtrot (Muto Pure Chemicals).
Masson's trichrome staining
Frozen lung sections were incubated with mordant containing 50 mg/ml potassium bichromate and 50 mg/ml trichloroacetic acid (Muto Pure Chemicals) for 20 min. After washing with water for 1 min, they were incubated with Weigert's iron hematoxylin solution (Muto Pure Chemicals) for 3 min, washed with water for 10 min, and then incubated with mordant containing 2.5% phosphomolybdic acid and 2.5% phosphotungstic acid (Muto Pure Chemicals) for 30 s. After washing with water for 1 min followed by 1% acetic acid for 10 s, the sections were incubated with 0.75% Orange G solution (Muto Pure Chemicals) for 5 min, washed with 1% acetic acid for 10 s, and then stained with 12 mg/ml Ponceau xylidine and 8 mg/ml fuchsin S solution (Muto Pure Chemicals) for 30 min. After washing with 1% acetic acid for 10 s, the sections were incubated with 2.5% phosphotungstic acid (Muto Pure Chemicals) followed by Aniline Blue solution (Muto Pure Chemicals) for 3 min. After washing with 1% acetic acid for 10 s, the sections were dehydrated with a graded ethanol series (70, 80 90, 95 , and 100%), defatted with xylene twice, and mounted in Malinol.
Quantification of the amount of collagen in lung sections
Amounts of total collagen and total non-collagenous proteins were determined with a Sirius red/Fast green collagen staining kit (Chondrex, Redmond, WA, USA). Frozen lung sections were stained with Sirius red and Fast green (Dye solution) for 30 min at room temperature. After washing with distilled water, both dyes were eluted from the sections with Dye Extraction Buffer. The absorbance of the eluted dye solutions was measured at 540 nm (Sirius red) and 605 nm (Fast green). Levels of fibrillar collagens and non-collagenous proteins in the sections were calculated according to the manufacturer's instructions.
Quantitative real-time PCR (qPCR)
Total RNA from whole lungs, post-lavage lungs, or primary ECs was isolated using Isogen II (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. Single-stranded cDNA was prepared from 0.05-5 μg of total RNA with oligo(dT) primers and SuperScript III reverse transcriptase (Thermo Fisher Scientific) according to the manufacturer's instructions, and was used as a template for qPCR amplification. Amplification was performed on a Thermal Cycler Dice Real Time System (Takara, Shiga, Japan) using SYBR Premix ExTaq II (Tli RNase H Plus) (Takara) according to the manufacturer's instructions. The primer sets used were as follows: Tgfb1, 5′-cacgtggaaatcaacgggatcag-3′ and 5′-cgcacacagcagttcttctctg-3′; Col1a1, 5′-acctacagcacccttgtggac-3′ and 5′-agggagccacatcgatgatgg-3′;
Fn1, 5′-tggcagtggtcatttcagatgc-3′ and 5′-ttcccatcgtcatagcacgttg-3′; Tnc, 5′-aaccacagtcagggcgttaac-3′ and 5′-atttcggaagttgctgggtctc-3′; Muc5ac, 5′-gaaagttggtcccattctgg-3′ and 5′-cggtgttcatggtacgatttc-3′; Muc5b, 5′-ccttgccacttccactacga-3′ and 5′-gagcacggaggtacagttatcca-3′; Slc26a4, 5′-catcat ctccggagttagcac-3′ and 5′-cgaacacaaaatacgtcaggatag-3′; Clca1, 5′-atccacaccaaaacgagaaggc-3′ and 5′-tgcttcggagattgcatcgttg-3′; Il4, 5′-caaacgtcctcacagcaacg-3′ and 5′-tgcagctccatgagaacactag-3′; Il5, 5′-agcaatgagacgatgaggcttc-3′ and 5′-cccacggacagtttgattcttcag-3′; Il13, 5′-aagatctgtgt ctctccctctgac-3′ and 5′-ataccatgctgccgttgcac-3′; Ccl2, 5′-gaagccagctctctcttcctc-3′ and 5′-ttgctggtgaatgagtagcag-3′; S100a8, 5′-tgagtgtcctcagtttgtgcag-3′ and 5′-tgccacacccacttttatcacc-3′; S100a9, 5′-aaatggtggaagcacagttggc-3′ and 5′-tgggttgttctcatgcagcttc-3′; Saa3, 5′-cattctttgcatcttgatcct g-3′ and 5′-cgagcatggaagtatttgtctg-3′; Gapdh, 5′-aggtcgg tgtgaacggatt-3′ and 5′-tgccgtgagtggagtcatac-3′.
Antibody array
Post-lavage lungs, prepared from three mice (10-weeks-old), were homogenized in PBS containing 1% triton X-100 and protease inhibitors (5 mg/ml aprotinin, 10 mM leupeptin, 1 mM pepstatin, and 1 mM phenylmethylsulfonyl fluoride). The homogenates were centrifuged for 20 min at 18,340×g at 4°C. The resulting supernatants (200 μg of proteins) were used with a Proteome Profiler Array (Mouse cytokine array panel A; R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. Chemiluminescence signals on the antibody array were detected using an ImageQuant LAS 4000 image analyzer (GE Healthcare, Little Chalfont, UK).
Magnetic isolation of lung ECs
Lung tissue was excised from an anesthetized mouse (1-week-old), minced, and then incubated in Dulbecco's Modified Eagle's Medium (DMEM; Nacalai Tesque, Kyoto, Japan) containing 1 mg/ml collagenase/dispase solution (Roche, Basel, Switzerland) and 5 U/ml DNase I (Roche) for 45 min at 37°C. The digested pieces were further minced by passing them through a 20-gauge needle and then filtered with a 70-μm cell strainer (BD Biosciences, San Jose, CA, USA). The filtrate was centrifuged for 5 min at 400×g at 20°C, and the resulting cell pellet was suspended in PBS containing 0.1% BSA. The cells were incubated with Dynabeads (Invitrogen, Carlsbad, CA, USA) precoated with rat anti-mouse CD31 antibody (BD Biosciences) for 30 min at room temperature. ECs bound to the Dynabeads were collected with a magnet, washed using PBS with 0.1% BSA, and then cultured in a 60-mm dish coated with 2% gelatin in Endothelial Cell Growth Medium 2 (Takara). The purity of isolated ECs was > 95%, which was confirmed by immunofluorescence microscopy using anti-CD31 and anti-CD102 antibodies (BD Biosciences).
Western blot analysis
Whole lungs were homogenized in PBS containing 1% triton X-100 and protease inhibitors (5 mg/ml aprotinin, 10 mM leupeptin, 1 mM pepstatin, and 1 mM phenylmethylsulfonyl fluoride). After clarifying by centrifugation at 10,000×g for 30 min, the lysates (20 or 30 μg of proteins) were subjected to western blot analysis as described previously [28] . The following primary antibodies were used: anti-ADGRF5 (N7), 1:1000 [2] ; anti-SPDEF, 1:1000; anti-transforming growth factor (TGF)-β1 (Novus Biologicals, Littleton, CO, USA), 1:1000; anti-IL-33 (396,118, R&D Systems), 1:1000; anti-IL-25 (68C1039.2, Novus Biologicals), 1:500; anti-TPSAB1 (AA1, Bio-Rad, Hercules, CA, USA), 1:1000; anti-CCL2 (2D8, Novus Biologicals); anti-α tubulin (Sigma-Aldrich), 1:8000.
Blood gas and urine pH measurements
Arterial blood was drawn from the left ventricle of anesthetized adult mice (12-weeks-old) with a 26-gauge needle fitted on a heparin-coated syringe (364,356, Becton-Dickinson, Oxford, UK). Blood gas status was determined using a blood gas analyzer (ABL 505, Radiometer, Copenhagen, Denmark). For urine pH measurements, mice at 10 weeks of age were placed in metabolic cages for 1 day, and then 12-h urine samples were collected. Urine pH was measured with a glass electrode from Koto-Biken Medical Laboratories (Tokyo, Japan).
Measurement of serum IgE concentrations
Blood was taken from the left ventricle of an anesthetized mouse using a 24-gauge needle. Serum IgE levels were determined by enzyme-linked immunosorbent assay (ELISA) with a commercial kit (Yamasa EIA, Yamasa, Chiba, Japan) according to the manufacturer's instruction.
Administration of a C-C chemokine receptor type 2 (CCR2) antagonist to mice RS504393 (Cayman Chemical, Ann Arbor, MI, USA) was dissolved in dimethylformamide at 10 mg/ml and then diluted to 0.4 mg/ml with a 0.9% sterile NaCl solution. The RS504393 solution was filtered through a 0.22-μm filter (Millipore, Burlington, MA, USA) and injected subcutaneously into the backs of anesthetized Adgrf5 −/− mice (2-weeks-old) at 2 mg/kg body weight, once daily for 8 days. The control group was treated with an equal volume of vehicle using the same protocol. The mice were sacrificed 24 h after the last injection.
Cell culture
NCI-H292 cells were obtained from ECACC (Porton Down, UK) and cultured in RPMI-1640 medium (Nacalai Tesque) containing 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 μg/ml) at 37°C. Cells at 80% confluency were treated with or without recombinant human CCL2 (100 ng/ml, Peprotech, Rocky Hill, NJ, USA) for 18 h at 37°C. qPCR was performed with the following primer sets: MUC5AC, 5′-tggggacagct cttccatgtac-3′ and 5′-tgcagtgcagggtcacattc-3′; SLC26A4, 5′-tttcctggacgttgttggagtg-3′ and 5′-tgtcgtcaaagaacccgcattg-3′; GAPDH, 5′-tgcaccaccaactgcttagc-3′ and 5′-at ggcatggactgtggtcatg-3′.
Image and statistical analysis
Light microscopic images were captured with a TOCO digital slide scanner or an Axioskop microscope (Zeiss) equipped with an AxioCam HRc color microscope camera (Zeiss). Quantification of the stained area, basement membrane length, and band intensity was performed using ImageJ software (National Institute of Health, Bethesda, MD, USA). For Alcian blue-and Masson's trichrome-stained samples, the blue-stained regions were selected using the magic wand tool in PhotoShop CS5 software (Adobe Systems, San Jose, CA, USA) and converted to black with ImageJ software. The pixel area of the black region was quantified with ImageJ software. The volume of epithelial mucus was calculated by multiplying the blue stained area by the thickness of the section. Data are presented as the mean ± SEM of at least three independent experiments. A student's t test or one-way ANOVA followed by a Tukey's post-hoc test was performed for the statistical analysis of data using GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA). A value of p < 0.05 was considered significant.
Results
Mucus hyperproduction in the lungs of Adgrf5
−/− mice
In our previous study, we found that targeted disruption of ADGRF5 in mice causes alveolar inflammation accompanied by the accumulation of activated pulmonary macrophages [12] . In this study, to further investigate lung inflammation in Adgrf5 −/− mice, we first examined bronchial inflammation in these animals by Alcian blue staining using lung sections from WT and Adgrf5 −/− mice at 10 and 30 weeks of age. A marked deposition of mucoid material was observed in the bronchiolar epithelium of Adgrf5 −/− mice at both ages (Fig. 1b, d vs. a, c). Quantification revealed that the volume of epithelial mucus and the number of Alcian-blue-positive cells were increased gradually with age in Adgrf5 −/− mice; however, no such increase was observed in Adgrf5 −/− mice at 4 weeks of age (Fig. 1e, f ) . These results suggest that mucus hyperproduction occurs in the bronchioles of Adgrf5 −/− mice.
Increased expression of airway mucin genes and related mediators of mucus production in Adgrf5 −/− lungs We next determined the mRNA expression levels of lung parenchymal Muc5ac and Muc5b, which encode the major gel-forming mucins found in airway mucus [29] . qPCR was performed using total RNA isolated from whole lungs of 1-week-old mice or post-lavage lungs of 3-, 6-, 12-, and 30-week-old mice. There was no significant difference in the expression of the two mucin genes between WT and Adgrf5 −/− lung samples from 1-, 3-, and 6-week-old mice (Fig. 1g, h) . However, at 12 weeks of age, Muc5ac expression was increased 2.6-fold (p < 0.05) in Adgrf5 −/− lungs compared to that in WT lungs, whereas there was no change in Muc5b expression (Fig. 1g, h ). At 30 weeks of age, both mucin genes were upregulated in Adgrf5 −/− lungs compared to expression in WT lungs (41.4-fold, p < 0.01 for Muc5ac and 14.5-fold, p < 0.05 for Muc5b; Fig. 1g, h ). To confirm the increased Muc5ac expression at the protein level, immunohistochemistry was performed using lung cryo-sections from 30-week-old WT and Adgrf5 −/− mice. Evident MUC5AC staining was observed in the apical region of the bronchiolar epithelial cells of Adgrf5 −/− mice (Fig. 1k) , whereas this was diminished in the bronchioles of WT mice (Fig. 1l) . Mucus hyperproduction and increased MUC5AC expression are characteristic features of asthma and COPD [30] . Further, SLC26A4 and CLCA1 are known to be involved in mucus production and allergic inflammation in this disease [31] [32] [33] . mRNA expression of these markers was upregulated in Adgrf5 −/− lungs compared to that in WT lungs at 3 weeks of age (33.6-fold, p < 0.05 for Slc26a4 and 4.3-fold, p < 0.05 for Clca1), whereas no such significant differences were observed at 1 week of age (Fig. 1i, j) . In addition, a > 10-fold increase in the expression of Slc26a4 was detected in Adgrf5 −/− lungs at 6, 8, and 12 weeks of age (Fig. 1i) . In contrast, higher expression of Clca1 became apparent in Adgrf5 −/− lungs from 8 weeks of age (7.4-fold increase, p < 0.05; Fig. 1j ). These results suggest that mucus production in Adgrf5 −/− lungs is stimulated between 6 and 12 weeks of age, and becomes excessive at 30 weeks, supporting the above histological observation of age-dependent mucus overproduction.
Increased expression of SPDEF and decreased expression of FOXA2 in the bronchiolar epithelium of
The increased number of Alcian-blue-positive cells led us to examine whether mucous cell metaplasia occurs in the bronchiolar epithelium of Adgrf5 −/− mice. SPDEF is a key player in a transcriptional network that mediates mucous cell metaplasia [34] . One mechanism associated with the function of SPDEF is the suppression of FOXA2, a potent inhibitor of MUC5AC expression and mucous cell metaplasia [35, 36] . Therefore, we analyzed SPDEF and FOXA2 expression by immunohistochemistry using lung cryo-sections from 30-week-old WT and Adgrf5 −/− mice. SPDEF expression was abundant in the bronchiolar epithelial cells of Adgrf5 −/− mice (Fig. 2a) , whereas it was less abundant in those of WT mice (Fig.  2b ). As expected, nuclear expression of FOXA2 in the epithelial cells was reduced in Adgrf5 −/− mice compared to that in WT mice (Fig. 2c, d) ; moreover, the FOXA2-negative cell population significantly increased from 9.8% in WT mice to 39.3% in Adgrf5 −/− mice (p < 0.0001; Fig. 2e ). In addition, western blot analysis of whole lung lysates showed that SPDEF expression was increased at 12 and 30 weeks, but not at 5 weeks of age (Fig. 2f) . These results suggest that mucous cell metaplasia occurs in the bronchioles of Adgrf5 −/− mice.
Adgrf5 is not expressed in the bronchiolar epithelium
The bronchial abnormalities in Adgrf5 −/− mice led us to examine the expression of ADGRF5 in the bronchiolar epithelium. In situ hybridization histochemistry was performed on lung sections from 8-week-old WT mice. Positive signals were detected with the Adgrf5 antisense probe in alveolar cells and blood vessel ECs (Fig. 3a) . However, there was no signal in the bronchiolar epithelium (Fig. 3a, compared to Fig. 3b , which was obtained with the corresponding sense probe). This result is consistent with the previous reports demonstrating undetectable or very limited expression of ADGRF5 in airway epithelia [8, 10] . Thus, the observed mucous cell metaplasia and mucus hyperproduction are most likely secondary effects of ADGRF5 disruption.
Subepithelial fibrosis in the Adgrf5
−/− lung Masson's trichrome staining was performed on lung sections from 10-and 30-week-old WT and Adgrf5 −/− mice. Bronchial subepithelial collagen deposition was significantly increased in Adgrf5 −/− lungs compared to that in WT lungs at 30 weeks of age, whereas it was slightly but not significantly increased in 10-week-old Adgrf5 −/− lungs ( Fig. 4a-e) . In addition, marked inflammatory cell infiltration was observed around the blood vessels of Adgrf5 −/− mice at 30 weeks of age (Fig. 4g) . When collagen amounts in lung sections were measured by colorimetric analysis using Sirius Red and Fast Green, collagen accumulation was detected in Adgrf5 −/− lungs at 30 weeks, but not at 4 and 10 weeks of age (Fig. 4f) . These results suggest that fibrosis likely becomes apparent in Adgrf5 −/− lungs between 12 and 30 weeks of age. To verify this hypothesis, we examined mRNA expression levels of fibrosis Values are presented as the mean ± SEM (n = 3-4). *p < 0.05; **p < 0.01; ***p < 0.001. k and l Immunofluorescence confocal microscopy was performed on lung sections from Adgrf5 −/− (k) and WT mice (l) at 30 weeks of age with an antibody specific for MUC5AC (green). The nuclei were stained with Hoechst 33342 (blue). Scale bars, 40 μm markers including type I collagen (Col1a1), fibronectin (Fn1), tenascin C (Tnc), and TGF-β1 (Tgfb1) in whole lungs (1-week-old mice) and post-lavage lungs (3-, 6-, 8-, 12-, and 30-week-old mice) from WT and Adgrf5 −/− animals. There were no changes in the expression of the four fibrosis markers in 1-week-old Adgrf5 −/− lungs ( Fig. 4h-k) . The expression of Col1a1 and Tnc were comparable between WT and Adgrf5 −/− lungs until 8 weeks of age, and showed a slight increase in Adgrf5 −/− lungs at 12 weeks of age (1.8-fold, p < 0.001 for Col1a1; 1.9-fold, p < 0.0001 for Tnc; Fig. 4h, j) . A similar slight, but significant, upregulation was detected in Adgrf5 −/− lungs at 6, 8, and 12 weeks of age for Fn1 expression (Fig. 4i) and at 3 and 6 weeks of age for Tgfb1 expression (Fig. 4k) . At 30 weeks of age, the expression all four genes was dramatically increased in Adgrf5 −/− lungs compared to that in WT lungs (12.7-fold, p < 0.01 for Col1a1; 78.4-fold, p < 0.05 for Fn1; 44.9-fold, p < 0.05 for Tnc; and 26.0-fold, p < 0.01 for Tgfb1; Fig. 4h-k) . Furthermore, western blot analysis of whole lung lysates showed that high levels of active TGF-β1 were detected only in Adgrf5 −/− lungs at 30 weeks of age (Fig. 4l) .
Respiratory acidosis in Adgrf5
−/− mice Chronic lung diseases such as COPD and asthma lead to respiratory acidosis due to hypoventilation [37] . Adgrf5 −/− mice exhibit asthma-and COPD-like signs, as well as pulmonary surfactant accumulation, which might interfere with normal respiration, thereby leading to respiratory acidosis. To examine this possibility, we measured the blood gas concentration and pH in WT and Adgrf5 −/− mice at 12 weeks of age. CO 2 concentrations were significantly higher (p < 0.05) and pH was lower (p < 0.05) in Adgrf5 −/− mice compared to those in WT mice (Fig. 5a) . HCO 3 − concentration was slightly, but not significantly, increased, whereas O 2 concentration was slightly decreased in Adgrf5 −/− mice (Fig. 5a) . The low blood pH and hypercapnia indicate that Adgrf5 −/− mice present with respiratory acidosis. We also measured the pH of urine samples, and the results showed that 10-week-old Adgrf5 −/− mice excrete acidic urine (pH 5.8, vs. pH 6.9 for WT mice; p < 0.001), confirming the presence of acidosis (Fig. 5b) .
Increased expression of type-2 and epithelium-derived cytokines in Adgrf5 −/− mice Type 2 cytokines such as IL-4, IL-5, and IL-13 play a critical role in mucous cell metaplasia and mucus hypersecretion during asthma [19, 20] . Moreover, IL-4 and IL-13 mediate the upregulation of MUC5AC, CLCA1, and SLC26A4 in the asthmatic airway epithelia [38] [39] [40] [41] [42] [43] . We therefore hypothesized that mucus hyperproduction in Adgrf5 −/− mice might be driven by these type 2 cytokines. To examine this hypothesis, the mRNA expression of Il4, Il5, and Il13 was analyzed in whole lungs (1-week-old mice) and post-lavage lungs (3-, 6-, 12-, and 30-week-old mice) from WT and Adgrf5 −/− animals. At 1 week of age, the expression of all three genes was undetectable in or comparable between WT and Adgrf5 −/− lungs ( Fig. 6a-c) . Il4 expression in Adgrf5 −/− lungs was similar to that in WT lungs until 12 weeks of age (Fig.  6a) . Il5 expression in Adgrf5 −/− lungs was slightly, but significantly, higher than that in WT lungs at 3, 6, and 12 weeks of age (1.7-3.8-fold; Fig. 6b ). Il13 expression in Adgrf5 −/− lungs was moderately increased (2.6-3.8-fold) at 3 and 6 weeks of age and markedly increased, by 11.6-fold (p < 0.0001), compared to that in WT lungs at 12 weeks of age (Fig. 6c) . At 30 weeks of age, all three genes were upregulated and highly expressed in Adgrf5 −/− lungs compared to expression in WT lungs (14.6-fold, p < 0.05 for Il4; 23.2-fold, p < 0.005 for Il5; 13.8-fold, p < 0.05 for Il13; Fig. 6a-c) .
Next, the protein levels of IL-33 and IL-25 were compared between WT and Adgrf5 −/− lungs at 3, 5, and 12 weeks of age. Western blot analysis of whole lung lysates showed that both were upregulated by 2.3-fold (p < 0.01) and 8.0-fold (p < 0.05), respectively, in Adgrf5 −/− lungs compared to expression in WT lungs at 12 weeks of age (Fig. 6d, e, lanes 5 and 6) . At 3 and 5 weeks of age, no expression of IL-25 was detected, and there was no change in the expression of IL-33 between WT and Adgrf5 −/− lungs (Fig. 6d, e, lanes 1-4) . These results suggest that loss of ADGRF5 induces IL-33 and IL-25 expression, which is likely to promote the production of type 2 cytokines at 12 weeks of age and on.
Increased serum IgE levels and pulmonary mast cell accumulation in Adgrf5
−/− mice IL-4 and IL-13 are known to induce IgE synthesis by B cells and subsequent allergic responses [17] . Expectedly, Fig. 3 Adgrf5 is not expressed in the bronchial epithelium. In situ hybridization was performed on paraffin-embedded lung sections from WT mice (8-weeks-old) using an Adgrf5-specific antisense probe (a) or a corresponding sense probe (b). The sections were counterstained with Kernechtrot (pink). Br, bronchiole and V, blood vessel. Scale bars, 50 μm serum IgE levels in Adgrf5 −/− mice were highly increased compared to those in WT mice at 30 weeks of age (19-fold, p < 0.001), whereas no such increase was detected at 3 and 8 weeks of age (Fig. 7a) . Moreover, an accumulation of mast cells was observed in the peribronchiolar area of Adgrf5 −/− lungs at 30 weeks of age (Fig. 7c, arrows, compared to Fig. 7b ). Western blot analysis of whole lung lysates showed that the levels of and cytoplasm were stained red. Br, bronchiole and V, blood vessel. Scale bars, 100 μm. e Trichrome-stained areas were evaluated in more than six randomly-selected bronchioles per mouse. Results are expressed as the area of trichrome staining (pixels) per micrometer length of bronchiole basement membrane, and are presented as the mean ± SEM (n = 3). **p < 0.01 and ***p < 0.001. f The amounts of fibrillar collagens and non-collagenous proteins in lung sections from WT and Adgrf5 −/− mice (4, 10, and 30 weeks of age) were estimated using a Sirius red/ Fast green collagen staining kit. Results are expressed as the amount of fibrillar collagens (ng) relative to non-collagenous protein levels (μg), and are presented as mean ± SEM (n = 3). *p < 0.05 and **p < 0.01. h-k The mRNA expression of Col1a1 (h), Fn1 (i), Tnc (j), and Tgfb1 (k) was analyzed by qPCR in whole (1-week-old) or post-lavage (3, 6, 8, 12 and 30 weeks of age) lungs from WT and Adgrf5 −/− mice. The data were normalized to Gapdh levels and expressed as values relative to corresponding WT mice. Values are presented as the mean ± SEM (n = 3-4). *p < 0.05; **p < 0.01; ***p < 0.001. l Whole lung lysates (20 μg of protein) from WT and Adgrf5 −/− mice (KO) (3, 5, 12, and 30 weeks of age) were analyzed by western blotting using antibodies specific for TGF-β1 (top) and α-tubulin (bottom) TPSAB1 (mast cell tryptase), a specific marker of mast cells, were elevated in Adgrf5 −/− lungs at 12 and 30 weeks of age (Fig. 7d) . The increased levels of IL-4/ IL-13 and serum IgE as well as mast cell accumulation, led us to predict the occurrence of eosinophilia. However, Giemsa staining of BAL cells showed that there was no increase in eosinophil numbers in Adgrf5 −/− lungs at 4 and 30 weeks of age (Fig. 7e) . Rather, an accumulation of neutrophils and lymphocytes was evident in the BAL fluid of Adgrf5 −/− mice ( Fig. 7e-g ). Careful observation of lung sections stained with Astra blue and Vital new red revealed that only a few eosinophils infiltrated in the alveolar wall of Adgrf5 −/− , but not WT, lungs at 10 ( Fig.  7h ) and 30 weeks of age (data not shown). These results suggest that loss of ADGRF5 leads to increased IgE production and the accumulation of mast cells and neutrophils in the bronchiolar interstitium and alveolar space, respectively.
Increased expression of CCL2, S100A8, and S100A9 in the ECs of Adgrf5 −/− mice
In a previous study, we showed that high levels of CCL2 are secreted from alveolar macrophages and are present in the BAL fluid of adult Adgrf5 −/− mice [12] . To analyze the cytokine and chemokine profile of lung tissues from both groups at 10 weeks of age, the lysates of post-lavage lungs were incubated with an antibody array that can detect 40 different cytokines/chemokines. The signal intensity of each antibody spot was measured and the Adgrf5 −/− -to-WT signal ratio was calculated. In this experiment, a ratio of > 1.5 was considered increased production. As shown in Fig. 8a , a remarkable increase was detected for CCL2 and 13 other proteins including IL-1α and IL-1β, as well as their receptor antagonist (IL-1ra), IL-13, inflammatory chemokines (CCL3, CCL5, CXCL2, CXCL10, CXCL12, and CXCL13), tissue inhibitor of metalloprotease 1 (TIMP-1), and complement component 5 (C5/C5a).
Increased Ccl2 expression was confirmed by qPCR, which indicated a 9.6-fold increase in expression (p < 0.01) in post-lavage lungs from Adgrf5 −/− mice compared to that in WT lungs at 12 weeks of age (Fig. 8b) . In a previous study, increased CCL2 protein levels were detected in embryonic lungs of Adgrf5 −/− mice [12] . However, Ccl2 mRNA expression in Adgrf5 −/− lungs was comparable to that in WT lungs at 18.5 dpc, but was upregulated in Adgrf5 −/− lungs compared to expression in WT lungs at 2 days of age (1.8-fold, p < 0.01); further, this difference gradually increased with age (Fig. 8b ). S100A8 and S100A9 have proinflammatory functions, and have been shown to induce CCL2 expression [44] [45] [46] [47] [48] . We found that S100a8 and S100a9 mRNA levels were significantly increased in Adgrf5 −/− lungs at 18.5 dpc (1.6-and 1.7-fold, respectively, p < 0.001), as well as thereafter (Fig. 8c,d ). In addition, the expression of Saa3, a downstream target of S100A8 and S100A9, was elevated in Adgrf5 −/− lungs at 1 week of age (Fig. 8e) . These results suggest that CCL2 expression is increased in response to S100A8 and S100A9 stimulation in the lungs of late embryonic and early neonatal Adgrf5 −/− mice. It has been shown that CCL2 is released from lung ECs in response to inflammatory stimuli [49, 50] . We therefore examined if CCL2 is upregulated in the lung ECs of neonatal (1-week-old) Adgrf5 −/− mice. CD31-positive ECs were isolated from WT and Adgrf5 −/ − lungs and cultured for 1 week. Significantly increased CCL2 mRNA and protein expression was observed in Adgrf5 −/− ECs compared to that in WT ECs (3.3-fold, p < 0.05 and 7.8-fold, p < 0.05, respectively; Fig. 8f, g ). In addition, elevated levels of S100a8, S100a9, and Saa3 were also detected in Adgrf5 −/− ECs (3.8-fold, p < 0.05, 11.3-fold, p < 0.05, and 7.5-fold, p < 0.005, respectively; Fig. 8f ). These results suggest that the loss of ADGRF5 in lung ECs induces the expression of proinflammatory regulators, specifically CCL2, S100A8, and S100A9, thereby contributing to the progression of airway inflammatory responses.
Suppressive effect of a CCR2 antagonist on the expression of S100a8, S100a9, Slc26a4, and Il5 in Adgrf5 were administered RS504393 (2 mg/kg body weight) or vehicle once daily via subcutaneous injection for 8 days. qPCR was performed using total RNA isolated from post-lavage lungs of injected mice and non-injected WT mice at 3 weeks of age. As shown in Fig. 9 , RS504393 treatment strongly attenuated the expression of S100a8, S100a9, and Il5 to WT levels and significantly decreased Slc26a4 expression by 56%. The expression of Saa3 and Tgfb1 tended to decrease with RS504393 treatment, although this difference was not statistically significant. Further, there was no effect on the expression of Ccl2, Clca1, and Il13. These results suggest that CCL2-CCR2 signaling participates in the upregulation of the expression of S100a8, S100a9, Il5, and Slc26a4 in Adgrf5 
Discussion
This study provides evidence suggesting that ADGRF5 ablation in mice leads to the development of airway inflammation in lungs. Histochemical studies clearly showed an increase in mucus production and the appearance of mucus-producing cells in the bronchiolar epithelium of Adgrf5 −/− mice. Excessive mucus accumulation in the airway lumens is a common feature of asthma and COPD and is caused by an increase in the number of mucus-secreting goblet cells [30] . In mice, intralobular bronchioles are predominantly lined with two types of epithelial cells, namely ciliated cells and non-ciliated secretory club (Clara) cells, whereas goblet cells are sparse. Goblet cells are known to be transdifferentiated primarily from club cells [34, 51] . An increase in the production and secretion of MUC5AC by goblet cells mainly contributes to airway mucus accumulation [52, 53] . Therefore, the increased number of Alcian blue-and MUC5AC-positive cells in Adgrf5 −/− bronchioles indicates the occurrence of mucous (goblet) cell metaplasia. This interpretation is supported by the finding of high SPDEF and low FOXA2 expression in the Adgrf5 −/− bronchiolar epithelium. Another supportive finding was the elevated expression of Clca1, which encodes a goblet cell-specific protein. CLCA1 is a secreted protein that signals in an autocrine and paracrine fashion to induce mucus hyperproduction. Extracellular CLCA1 activates the calcium-dependent chloride channel TMEM16A, and the resulting chloride currents are likely to induce MUC5AC expression through the activation of mitogen activated protein kinase 13 (MAPK13) signaling [54] [55] [56] . Furthermore, the respiratory acidosis observed in Adgrf5 −/− mice suggests that mucus hyperproduction likely causes airway obstruction and consequent airflow limitations as seen in asthma and COPD. However, we cannot exclude the possibility that abnormal pulmonary surfactant accumulation and alveolar obstruction might cause ineffective gas exchange.
High expression of type 2 cytokines (Il4, Il5, and Il13), IL-25, and IL-33 was detected in the lungs of Adgrf5 −/− mice. Among them, IL-4, IL-5, and IL-13 play key roles in immune responses during the pathogenesis of allergic inflammation. Adgrf5 −/− mice exhibited elevated serum IgE levels and mast cell infiltration into the bronchiolar interstitium, which was likely induced by IL-4 and/or IL-13. Importantly, IL-13 is essential for mucous cell metaplasia and mucus hypersecretion, and functions through direct effects on airway epithelial cells [40, [57] [58] [59] . The binding of IL-13 to its epithelial receptor triggers the activation of STAT6, which upregulates SPDEF and CLCA1 [60, 61] . Therefore, the finding that Il13 mRNA and protein levels were increased along with elevated SPDEF and Clca1 expression in Adgrf5 −/− lungs suggests that mucous cell metaplasia is mediated at least in part by the epithelial effects of IL-13. Recent studies reported that SLC26A4, an anion transporter present on the apical side of airway epithelial cells, is a downstream target of the IL-4/IL-13-STAT6 signaling pathway [41] [42] [43] 62] . SLC26A4 has been implicated in the pathogenesis of COPD and asthma, including mucus hypersecretion, airway allergic inflammation, and airway hyperreactivity [42] . The transepithelial transport of thiocyanate (SCN − ), via SLC26A4, leads to the production of hypothiocyanite (OSCN − ) in the airway lumen, which contributes to the innate host defense at low doses or to epithelial damage and type 2 inflammation at high doses [63] . The elevated expression of Slc26a4 in Adgrf5 −/− lungs thus reflects IL-4/IL-13-mediated mucus hypersecretion and allergic inflammation. IL-5 is a potent inducer of eosinophil recruitment and activation during airway allergic inflammation [18] . However, eosinophilia was not detected in Adgrf5 −/− lungs even though only a small number of eosinophils were recruited to the alveolar wall. Rather, a significant accumulation of neutrophils was observed, which is consistent with the previous report by Bridges et al. [9] . Since neutrophilic inflammation is common during COPD, severe asthma, cystic fibrosis, and bronchiectasis, all of which involve airway mucus hypersecretion [64] , infiltrating neutrophils, in addition to eosinophils, might contribute to the progression of airway inflammation in Adgrf5 −/− mice. Increased type 2 cytokine production has long been attributed to T H 2 cells. However, increasing evidence indicates that ILC2s are the primary sources of IL-4, IL-5, and IL-13, and that these cells can induce a type 2 immune response, which is accompanied by airway mucus hypersecretion [19, 20] . ILC2s are potently activated by epithelial cell-derived IL-25 and IL-33, both of which are released in response to allergens, viral infection, and epithelial injury [21, 22, 65] . Our results thus suggest that the increased release of IL-25 and IL-33 likely enhances type 2 inflammation in Adgrf5 −/− lungs, at as early as 12 weeks of age, thereby leading to mucus hyperproduction. However, it is not clear how these two epithelial cytokines are upregulated and released. This is most likely to be an indirect effect of ADGRF5 disruption because Adgrf5 mRNA expression was not detected in the bronchiolar epithelium. As discussed, SLC26A4 might be involved in IL-25 and IL-33 upregulation through tissue damage. A recent study showed that oxidative stress enhances IL-33 expression in primary human bronchial (See figure on previous page.) Fig. 8 Ccl2, S100a8, S100a9, and Saa3 expression is increased in Adgrf5 −/− lung ECs. a Cytokine and chemokine expression profile in lavage lungs from three mice (12-weeks-old), analyzed using a Proteome Profiler Mouse Cytokine Arrays as described in the Methods. The data from Adgrf5 −/− mice are expressed as values relative to those from WT mice. Values are presented as the average of duplicate measurements. Asterisks indicate CCL2 and IL-13. b-e The mRNA expression of Ccl2 (b), S100a8 (c), S100a9 (d), and Saa3 (e) was analyzed by qPCR in whole (18.5 days post-coitum and 2 days and 1 week of age) or post-lavage (3, 6, and 30 weeks of age) lungs from WT and Adgrf5 −/− mice. The data were normalized to Gapdh levels and are expressed as values relative to those from corresponding WT mice. Values are presented as the mean ± SEM (n = 3-6). *p < 0.05; **p < 0.01; ***p < 0.001. f The mRNA expression of S100a8, S100a9, Saa3, and Ccl2 was analyzed by qPCR in primary lung ECs from WT and Adgrf5 −/− mice (1-week-old). The data were normalized to Gapdh levels and are expressed as values relative to those from WT mice. Values are presented as the mean ± SEM (n = 4-5). *p < 0.05 and **p < 0.005. g Whole cell lysates (10 μg of protein) from lung ECs were analyzed by western blotting using antibodies specific for CCL2 (top), ADGRF5 (middle), and α-tubulin (bottom). The band intensity of CCL2 was normalized to that of α-tubulin and expressed as a value relative to that from WT mice. Values are presented as mean ± SEM (n = 5). *p < 0.05 epithelial cells and NCI-H292 cells via MAPK and NF-κB signaling pathways [66] . We previously showed that the disruption of Adgrf5 leads to the excessive production and release of reactive oxygen species by alveolar macrophages, exposing the lung parenchyma to oxidative stress [12] . An accumulation of alveolar macrophages was observed in the alveoli of Adgrf5 −/− mice as early as 2-3 weeks of age [10, 11] . Therefore, it is speculated that alveolar macrophage-mediated oxidative stress might directly induce IL-33 expression and/or cause epithelial damage leading to the release of IL-25 and IL-33. Adgrf5 −/− mice were found to exhibit mild interstitial fibrosis around the bronchioles with increased expression of Tgfb1, Col1a1, Fn1, and Tnc. TGF-β has an important role in airway remodeling including subepithelial fibrosis, airway smooth muscle thickening, and mucous cell metaplasia [67, 68] . Subepithelial fibrosis is characterized by the extensive deposition of extracellular matrix (ECM) such as collagen I, collagen III, fibronectin, and tenascin-C [69, 70] . TGF-β also promotes the differentiation of fibroblasts into myofibroblasts and ECM protein production by these cells. This ligand is produced by many types of lung cells including epithelial cells, fibroblasts, eosinophils, and macrophages [71] [72] [73] [74] . TGF-β is secreted as a functionally inactive precursor that is complexed with latent TGF-β-binding protein. Moreover, MMP-2 and MMP-9 are known to activate TGF-β by proteolytic cleavage [75] . We detected increased levels of the active form of TGF-β1 in Adgrf5 −/− lungs. In addition, we previously showed that MMP-2 and MMP-9 are highly expressed in and secreted from the alveolar macrophages of Adgrf5 −/− mice [12] . These findings suggest that these proteases might be largely involved in TGF-β1 activation. ECM turnover is tightly controlled by collagen-degrading MMPs and their endogenous inhibitors, TIMPs. An imbalance between these two opposing activities is thought to lead to fibrosis, tissue remodeling, and inflammation [76] . Thus, high levels of TIMP-1 in lavage lungs (Fig. 8a) and BAL fluid [12] might exaggerate subepithelial fibrosis in Adgrf5 −/− mice.
Adgrf5
−/− mice show several key features of pulmonary alveolar proteinosis (PAP), such as the accumulation of pulmonary surfactant and foamy alveolar macrophages in the alveolar space. However, mucus hyperproduction and neutrophilic inflammation are not generally observed in PAP patients with GM-CSF autoantibodies or in mouse models lacking GM-CSF [64, 77] . This phenotype results from the loss of GM-CSF receptor signaling, which is required for alveolar macrophage and neutrophil differentiation and immune functions [78] . In contrast, GM-CSF signaling in alveolar macrophages is not affected in Adgrf5 −/− mice [8] . Therefore, alveolar (See figure on previous page.) Fig. 9 Suppressive effect of a CCR2 antagonist on the expression of S100a8, S100a9, Slc26a4, and Il5 in Adgrf5 −/− lungs. Two-week-old Adgrf5 −/− mice were administered RS504393 (2 mg/kg body weight) or vehicle once daily via subcutaneous injection for 8 days. The mRNA expression of Ccl2, S100a8, S100a9, Saa3, Slc26a4, Clca1, Tgfb1, Il5, and Il13 was analyzed by qPCR using total RNA isolated from post-lavage lungs of injected mice and non-injected WT mice at 3 weeks of age. The data were normalized to Gapdh levels and are expressed as values relative to those from corresponding vehicle-treated Adgrf5 −/− mice. Values are presented as the mean ± SEM (n = 3-4). *p < 0.05; **p < 0.01; ***p < 0.001 macrophages from Adgrf5 −/− mice retain the ability to induce emphysema symptoms and airway inflammation. Mice lacking Sftpc (surfactant protein C) also exhibit the massive accumulation of pulmonary surfactant and foamy alveolar macrophages. Sftpc −/− mice exhibit emphysematous destruction of alveolar walls, airway mucus hyperproduction, and increased MMP2/9 release without neutrophilia or cytokine upregulation (TNF-α, IL-1β, IL-13, and IL-6) [79] , whereas increased expression of IL-1β and IL-13 was detected in Adgrf5 −/ − lungs (Fig. 8a) . Although the cause of the discrepancies between phenotypes of Adgrf5 −/− and Sftpc −/− mice is unclear, airway inflammation induced by Adgrf5 −/− disruption is likely to be mediated by a mechanism independent of pulmonary surfactant and alveolar macrophages. Figure 11 summarizes the expression profiles of genes analyzed in this study. Based on our results, mucous cell metaplasia, mucus hyperproduction, and respiratory acidosis occur at as early as 10 weeks of age, which is followed by increased IgE production, mast cell accumulation, and subepithelial fibrosis by 30 weeks of age. It is noteworthy that upregulation of Ccl2, S100a8, and S100a9 expression occurs during embryonic (18.5 dpc) and neonatal (2 days of age) stages. CCL2 is closely associated with the pathogenesis of airway inflammation [80, 81] . Accordingly, targeted disruption and antibodymediated neutralization of CCL2 reduces airway allergic inflammation and airway hyperreactivity in allergenchallenged mice [82] [83] [84] . S100A8 and S100A9 form a heterodimer (S100A8/A9 or calprotectin) and act as a proinflammatory mediator that is associated with acute and chronic inflammation, cancer cell metastasis, and tumorigenesis [85, 86] . In particular, S100A8 and S100A9 are involved in MUC5AC upregulation in human airway epithelial cells [87] . Taken together, these results suggest that CCL2, S100A8, and S100A9 might be involved in the immediate early phase of airway inflammation pathogenesis. Interestingly, RS504393 treatment suppressed the upregulation of S100a8, S100a9, Slc26a4, and Il5 in Adgrf5 −/− lungs at 3 weeks of age. This finding suggests that CCL2-CCR2 signaling might function in gene regulation associated with mucus hyperproduction and type 2 inflammation (Additional file 1: Figure S1 ). However, CCL2 did not directly upregulate the expression of MUC5AC, SLC26A4, IL-25, and IL-33 in NCI-H292 cells under our experimental conditions. The underlying mechanism should be addressed in a future study.
It is likely that alveolar macrophages are not the source of CCL2 in animals younger than 2-3 weeks of age, because their accumulation cannot be detected in embryonic and neonatal Adgrf5 −/− mice [10, 11] . Interestingly, we found that CCL2 mRNA and protein expression was upregulated in primary lung ECs prepared from 1-week-old Adgrf5 −/− mice. Furthermore, the expression of S100a8 and S100a9 was also increased in these ECs, as well as in the lungs of Adgrf5 −/− embryos. S100A8/A9 or S100A8 has been shown to induce CCL2 production in ECs [44] , fibrocytes [47] , and alveolar epithelial cells [88] . In addition, CCL2, secreted by primary tumor cells, stimulates lung ECs to release S100A8 and S100A9, leading to paracrine upregulation of SAA3, and consequently the formation of the premetastatic niche [89, 90] . CCL2 and S100A8/A9 might therefore form a positive feedback loop in lung ECs. To support this hypothesis, RS504393 treatment abrogated the upregulation of S100a8 and S100a9 in Adgrf5 −/− lungs. Since ECs are sites of ADGRF5 expression in a variety of tissues [10, 11] , the lack of endothelial ADGRF5 might disrupt intracellular signaling pathways that regulate CCL2, S100A8, and S100A9 expression, thereby stimulating a positive feedback loop. However, we cannot rule out the possible contribution of AT2 epithelial cells that strongly express ADGRF5 in a similar manner. It has been shown that the lung endothelium does not contribute to pulmonary surfactant homeostasis, and EC-specific Adgrf5 knockout does not result in the accumulation of alveolar macrophages [6, 11] . In addition, AT2 cells represent a significant source of IL-33, and a lack of G q/11 signaling promotes IL-33-mediated An open box represents no significant change in gene expression between WT and Adgrf5 −/− lungs. ND, not determined alveolar macrophage activation and emphysema [91, 92] . Therefore, CCL2 expression and the subsequent development of airway inflammation might result from the synergistic effects of ECs, AT2 epithelial cells, and alveolar macrophages.
Conclusions
Our study showed for the first time that Adgrf5 −/− mice exhibit characteristic features of airway inflammation, including mucous cell metaplasia, mucus hyperproduction, type 2 inflammation, subepithelial fibrosis, and respiratory acidosis. Expression profiles of genes/proteins involved in airway inflammation suggested that these inflammatory phenotypes are mediated by the secondary effects of Adgrf5 deletion, and that type 2 cytokines are likely to play an important role in pathogenesis. In addition, proinflammatory CCL2, S100A8, and S100A9, released at least in part by ECs, might be involved in the onset and progression of these airway inflammatory phenotypes. These results and this model could be helpful for studying the pathogenesis of chronic airway inflammation, such as COPD and asthma, and suggest that ADGRF5 is a potential biomarker and therapeutic target. Further studies are needed to clarify the underlying mechanism and to better understand the role of ADGRF5 in EC functions, as well as in immune regulation in the lung.
Additional file
Additional file 1: Figure S1 . Schematic diagram of a possible mechanism leading to the airway phenotypes of Adgrf5 −/− mice. Adgrf5 deletion increases CCL2 expression in the lung endothelium during embryonic and neonatal stages. CCL2 is involved in the upregulation of Slc26a4, Il5, and possibly Tgfb1, thereby contributing to the onset and/or progression of mucus hypersecretion, type 2 inflammation, and fibrosis, respectively (red arrows). Adgrf5 deletion also causes abnormal surfactant homeostasis, which leads to recruitment and activation of alveolar macrophages. MMPs and reactive oxygen species (ROS) released from alveolar macrophages might induce the release of IL-25 and IL-33, and subepithelial fibrosis. IL-25 and IL-33 are likely to increase the production of type 2 cytokines (IL-4, IL-5, and IL-13), which promotes mucous cell metaplasia, mucus hypersecretion, IgE production, mast cell accumulation, and fibrosis. 
